Introduction 41
The mechanisms of melt generation in the upper mantle wedge (Figure 1 ) have been 42 the focus of numerous studies, as they are fundamental to our understanding of arc 43 volcanism along subduction zones. In general, melt production is positively correlated to 44 water content in arc basalt (Kelley et al., 2006) , which supports flux melting by fluid 45 released from the subducting slab (van Keken, 2003) . Subduction-induced mantle 46 7 surface-wave tomography, resulting in a dataset that provides the most comprehensive, 139 dense coverage of the study area. 140
Prior to cross-correlating the vertical-component waveforms from station pairs, we 141 remove instrument response, normalize ambient noise data with a frequency-time-142 normalization method , and eliminate time segments of large (M>5.5) 143 earthquakes. To increase the signal-to-noise ratio, we stack daily cross-correlations for 144 each station pair, producing high-quality Rayleigh waves at periods of 7-200 s (Figure 3) . 145
As this study focuses on structures from the mid-crust to upper mantle, for computational 146 reasons we only use 15-200 s periods in the analysis described here. The EGFs are then 147 recovered as the time derivative of the stacked cross-correlations (e.g., Sabra et al., 2005; 148 Snieder, 2004 ). In addition, we obtain monthly stacks of cross-correlations, whose 149
variations provide estimates of the uncertainties of EGFs and their travel times. 150
The conditions to equate EGFs with Green's functions of the Earth include a uniform 151 distribution of noise sources around the seismic stations and zero attenuation (e.g., 152
Wapenaar, 2004; Wapenaar and Fokkema, 2006) . These conditions are usually not 153 strictly satisfied in ambient noise seismic tomography (e.g., ) 154 and the Pacific Northwest is no exception as most of the ambient noise comes from the 155 Pacific Ocean. Following helioseismological practices in dealing with similar issues, 156
Tromp et al. (2010) suggested construction of ensemble-averaged cross-correlation and 157
corresponding ensemble-averaged sensitivity kernels. This method requires the power 158 spectral distribution of the ambient noise sources, which is highly variable spatially and 159 temporally (e.g., Uchiyama and McWilliams, 2008; Bromirski and Gerstoft, 2009 ). To 160 construct ensemble cross-correlations, we must know the global power spectral 161 distribution of ambient noise sources for the various overlapping recording periods of 162 station pairs. This detailed knowledge of the global power spectral distribution of 163 ambient noise sources is currently unavailable and requires substantial work that is 164 beyond the scope of this study. On the other hand, it has been suggested that the non-165 uniformity of noise sources would significantly affect the surface-wave amplitude (Tsai 166 and Moschetti, 2010) but not the velocity (Snieder, 2004) . Numerical experiments show 167 that the non-uniform distribution of noise sources leads to less than 0.5% error in travel 168 times and phase velocity . This level of error is much less 169 than the lateral velocity variations in the Cascades (e.g., Porritt et al., 2011; Gao et al., 170 2012). Furthermore, for the study area with an average travel time of ~150 s, a 0.5% error 171 is equivalent to a ~0.75-s error in travel time, less than measurement errors and the RMS 172 data misfit. In the following, we consider the effects of non-uniform noise source 173 distribution on travel times secondary to those of the Earth structure, and EGF a close 174 approximation to the Green's function of the Earth for velocity inversion. 175 176
Finite-difference wave simulation 177
We implement a nonstaggered-grid, finite-difference method to simulate wave 178 propagation in the 3D spherical Earth structure (Zhang et al., 2012) . Each seismic station 179 is considered as a virtual source and all others as receivers. The regional 3D shear-wave 180 wave velocity is carried out under the assumption that Rayleigh waves are not affected by 223 P-wave speed. This is not accurate, especially at shallow depths ( Figure S1 ). We 224 represent the Rayleigh wave phase delay time δt as a joint Vp and Vs inverse problem, 225 We focus our discussion on the mantle structure, in the depth range that is best 257 constrained by the ambient noise data and most relevant to melt generation (40-140 km). 258
Because the Rayleigh-wave sensitivity to Vp concentrates primarily in the shallow depth 259 Earth model with a structure that resembles the inferred back-arc low-velocity anomalies 315 is well resolved. 316
The three distinct, segmented low-velocity volumes along the Cascade back-arc in the 317 upper mantle are resolved for the first time. We attribute the resolution to the dense data 318 coverage, an EGF dataset with a broad frequency band well suited for imaging the crust 319 and upper 200 km mantle, and an advanced full-wave tomographic method. This allows 320 us to gain new insight into the dynamic processes of the Cascadia mantle wedge. 321
What controls the reduction of shear-wave velocity? 323
The seismic velocity can be affected by a few factors, including temperature, water 324 content and presence of partial melt. As shown in Figure 8 connections between large-scale plate-driven processes and small-scale convection. 455
Although our shear-wave velocity model provides important constraints on the melting 456 processes in Cascadia, several other lines of work should be carried to further constrain 457 the complex 3D processes at the subduction zone. Our interpretation of the existence of 458 
